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HYDRAULIC TURBOMACHINES
Exercises 2 - Velocity Triangles

Parametric Study for a Velocity Triangle of a Francis Turbine

Guide vane

A

a .

Turbine blade

Figure 1. Scheme of the hydropower plant with its characteristics.

The meridional view of a Francis turbine and one example of the velocity triangle are sketched in

Figure 1. For a Francis turbine, the angle of the absolute flow velocity at the inlet &, corresponds

to the guide vane opening degree, and the angle of the relative flow velocity at the outlet
corresponds to the outlet blade angle /4, , as shown in Figure 1. Referring to the figure, answer

the following questions.

1) Give the expression of turbine rotational velocity U,, and U;, as functions of the angular

2)

3)
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rotation @ and the inlet and outlet diameters, D,, and D;, respectively.

Give the relation of the turbine discharge O and the discharge Q, traversing the runner
as a function of the volumetric efficiency 7, .

QZ = U\Q
Give the meridional components of the flow velocity Cm,, and Cm;, as functions of the

discharge O and the volumetric efficiency 77, by using the geometrical parameters defined
in the left part of Figure 1.
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o, =212
Al() ﬂDl('B
4
Cme, = 3 = U"zQ
© 4 nD:

4) Considering the vectorial relationship at the turbine runner inlet 1, write the relation of 7,
Cule > Q> v, Dle . B and ale .

1 1
Cu, ———cm, ——1 ML
tana,, tane,, 7D, B

5) Considering the vectorial relationship at the turbine runner outlet T , derive the relation
of 7, Cu;,, Us,, O, n, D;,and f;,.

Cm

1o — LUy,

Te

Using the trigonometric relationship tan . = and knowing Cms;, from

question 3):
4
Cu;, =Us, - L U\ZQ
tan ,8 Dy,

6) Derive the relation of the transformed specific energy E, as a function ofU,,,U;_, O, i,

Dle’ DTe’B’ CZle and ﬂTz'

Using the relationship from Lecture 3 and the equations found in questions 4) and 5)
Jor Cu,,and Cus,:

1 1 1 1 4
E =CuU, —~Cu. U, = L no U,-—| U, - —"VZQ U,
2 ¢ ¢ taneg, 7D, B 2\ ° tanp;, D5, )

U
7) Considering the ratio of —<, derive the relation for transformed specific energy E asa

Te

function of U;,, O, v, D;,, B, and f3;, .

Considering the ratio Y _ & the transformed energy E; can be written as:

Te Te

4
Et = 1 n‘;Q U le _l UT(» - 1 UVZQ UT«
tana,, 7D, B 2 tan f;, wD:,

~tana,, 7D,,B Yie D 2 tan f;, 7D2,

le

2 tane,, B tanp, HD%C 1

I nQ Dle_l[U_ 1 4mQ]U
le le

8) For a given rotational frequency of the runner, sketch the transformed specific energy E,
as a function of the traversing dischargeQ,, and derive the condition of minimum

min

discharge Q" to achieve positive specific energy.

For a given rotational frequency, the transformed power E; is linearly increased as a

Sfunction of Q, =1,0:
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2 Dy
E:—l j+[ ! —le 4 2 ]Q’ U-

tane,, B tanp. |xD: ¢

In order to produce energy (E: > 0), Q; must be greater than:

Q — ﬁD%('UTV
t_min D.
2{ I Dy, 2

tana,, B  tan/f.,

9) When the turbine is operated at the best efficiency point (BEP), express the transformed
power P, with necessary variables, considering the assumption of the best efficiency point

(C”Te = 0).

22
ne
tanea,, 7D, B

1 10 U

E [
tana,, 7D, B

{ BEP —

le” PLBL'P =pn,0FE, =p

le

Calculation of the best efficiency using a hill-chart
The Q,, —n,, hill-chart of a Francis turbine with the iso-value curves of both the global

efficiency 7 (red curves) and guide vane opening « (blue curves) is represented in Figure 3. The
horizontal and vertical axes represent IEC discharge factor Q,, and IEC speed factorn,,,

respectively. Using the hill-chart, answer the following questions. Use the following values if
required, wheren, and 7, are the volumetric and mechanical efficiency, respectively:

D, =420m, D;, =3.50 m, B=0.60 m, n=3.88 Hz,n, =0.98 and 77,,,= 0.97
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Figure 2. Q,, —nyy, hill-chart of a Francis turbine

10) Point out the best efficiency point in the hill-chart, and estimate the global efficiency

ni-" " and guide vane opening arpe, " at the best efficiency point (BEP).

The BEP is located at approximately at the center of the isoline with highest efficiency.
Therefore, we can approximately expect an efficiency of 92-93% at the BEP by doing
a qualitatively estimation on the hillchart in figure 2.

. . . . . stimated . . .
For this machine, the estimated best efficiency is N =0.925, and is achieved for

20° guide vane opening angle, Qpp = 0.225 and ngp = 0.28.

11) At the BEP, the available head H and the discharge in the power plant Q are

measured as // =235 mand Q=130 m’s”. Calculate the transformed energy E, at the
best efficiency point. Then, calculate the available power at the BEP, i.e. P**" .

. 1
From question 9) we know that E, ., = 7.9

tane,, 7D, B °

D
Using @=2zxn=24.38rad / sand U,, = lz‘a) =51.20m/ s (see question 1)), we can

compute the transformed energy by considering a guide vane opening angle of 20
degrees as found in question 10):

EP™ =2263.72 Tkg ™.
Therefore, the available power (or output power) is:

PBEP - 77))1€PI = p’]meanEr - 27975MW
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